Visible up-conversion in ZnO:Er and ZnO:Er:Yb thin films deposited by RF magnetron sputtering under different O 2 -rich atmospheres has been studied. Conventional photoluminescence (325 nm laser source) and up-conversion (980 nm laser source) have been performed in the films before and after an annealing process at 800°C. The resulting spectra demonstrate that the thermal treatment, either during or postdeposition, activates optically the Er 3+ ions, being the latter process much more efficient. Moreover, the atmosphere during deposition was also found to be an important parameter, as the deposition under O 2 flow increases the optical activity of Er +3 ions. In addition, the inclusion of Yb 3+ ions into the films has shown an enhancement of the visible up-conversion emission at 660 nm by a factor of 4, which could be associated to either a better energy transfer from the 2 F 5/2 Yb level to the 4 I 11/2
Introduction
Rare earth (RE) materials have been widely studied due to their optical emission, which occurs as a result of intra 4f-4f shell transitions [1] . Fiber lasers and amplifiers, plasma displays, fluorescent lamps, bioimaging and solar cells are just a few applications that take advantage of their optical properties [2] [3] [4] . In particular, Er is mostly used as a dopant thanks to its high photoemission at 1.5 µm and its capability of up-converting light from the infrared (IR) to the visible range. Actually, Er doping creates intermediate states within the band gap characterized by long lifetimes [5] . However, the small cross-section of Er 3+ ions makes this emission process difficult, obtaining an inefficient up-conversion process. In order to enhance the Er up-conversion efficiency, Er-doped systems can be co-doped with Yb 3+ ions, as reported in similar systems [6] [7] [8] [9] . Er and Yb have the capability to cooperate together to convert IR light into visible light because of the matching of their energy levels for λ = 980 nm (see Fig. 1 ).
The host materials commonly used in the reported works of up-conversion from Er and Yb are phosphate and chalcogenide glasses, as well as NaYF 4 nanoparticles [7] [8] [9] .
Besides, SiO 2 and TiO 2 host matrices are promising for wave guiding and amplification applications [10] [11] [12] . In this work, ZnO has been chosen as a host matrix, because its wide band gap energy of 3.4 eV [13] can be used for the excitation of both Er and Yb species. It has been demonstrated that Er acts as an optically active center if it is surrounded by oxygen (ErO 6 ) forming a pseudo-octahedron structure with a C 4v symmetry that can allow the 4f-4f transitions to occur [14] . That means that Er replacing Zn in the ZnO matrix forms ErO 4 and does not act as an optically active center; therefore an annealing treatment is required to change Er local structure, forming ErO 6 clusters either in the ZnO matrix or at the grain boundaries [15, 16] .
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Three different ZnO-based thin films were deposited by means of magnetron sputtering onto Corning 1737F glass substrates. ZnO layers were doped with Er or co-doped with Er and Yb under different deposition conditions. All the layers were annealed after deposition to change the local surrounding of Er. The role of oxygen during deposition in the conventional and up-conversion photoluminescence, as well as the strong enhancement of the up-conversion emission by Yb co-doping, was investigated. Three different ZnO films were deposited at a working pressure of 0.4 Pa in Ar gas, while the substrate rotation was kept at 10 rpm and the target to substrate distance was 12 cm.
Experimental details
The first two samples, EZO (ZnO doped with Er) and EYZO (ZnO doped with Er and Yb)
were deposited at room temperature (RT) without any intentional heating of the substrate at an RF power of 120 W. The deposition rate for these samples was 2.4 nm/min and the thickness of the samples was 800 nm. The third sample, OEYZO, was doped with Er and Yb but deposited at a lower RF power (60 W) and at a substrate temperature of 350°C in oxygen presence (oxygen-to-argon ratio of 1:4), with the aim to favor the incorporation of oxygen into the growing film. A lower rf power was used to have a slow growth rate to enhance oxygen incorporation and to yield better stoichiometric film. This sample had a thickness of have been annealed at 800°C for one hour in a quartz tubular furnace, and are labeled as EZOA, EYZOA and OEYZOA, respectively.
The structure, composition and optical properties have been studied before and after the thermal annealing. The crystalline nature of the films was analyzed using the X-ray diffraction (XRD) technique (PANalyticalX'Pert PRO MPD Alpha1 powder system, using
Cu K  radiation,  = 1.5406 Å). The instrumental broadening correction has been applied to calculate the integral breadth. The average crystallite size <D> (volume-weighted domain size in the direction normal to the diffracting lattice planes) of the films can be estimated from the integral breadth () deduced from the pseudo-Voigt peak profile fitting of the XRD pattern by using the following equation [17] :
where  is the integral breadth,  is the X-ray wavelength, and  is the Bragg's diffraction angle corresponding to the diffraction peak.
X-ray Photoelectron Spectroscopy (XPS) analysis was performed using a PHI 5500
Multitechnique System (from Physical Electronics) with a monochromatic X-ray source (Al appeared after sputtering the surface was used to correct any eventual shift due to charge effects.
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The optical transmittance spectra of all the samples were recorded by using a spectrophotometer (Perkin Elmer Lambda 950).
Conventional photoluminescence (PL) spectra were acquired at RT, using standard lock-in configuration, by exciting the samples with the 325-nm line of a He-Cd laser (with a power density of 100 W·cm -2 ) and analyzed by a monochromator coupled to a GaAs photomultiplier tube (PMT). The up-conversion PL (UC-PL) measurements were performed using an EKSPLA PG122 optic parametric oscillator (OPO) with an output range of 420-2300 nm, which was pumped by the third harmonic of a Brilliant 5-ns-pulsed Nd:YAG laser (the resulting peak power density was about 10 9 W·cm -2 , for a spot diameter onto the sample of 100 µm). Using the OPO output at 980 nm, we were able to excite the 4 I 11/2 and 2 F 5/2 levels of Er 3+ and Yb 3+ ions, respectively. The high excitation power densities onto the samples allowed promoting up-conversion to higher energy levels in both RE species. The resulting luminescence spectra obtained in the visible range were acquired using a GaAs PMT. The excited PL study was carried out tuning the OPO output in the range from 950 to 1200 nm, while monitoring the 660 nm emission line of Er with a monochromator, corresponding to the transition of the up-converted energy level.
Results and discussion
Fig . 2 shows the XRD patterns of the three samples, before and after the annealing step. All samples were found to be polycrystalline and presented the highest intensity diffraction peak at around 2θ = 34.4°, indicating a hexagonal wurtzite structure with a strong preferred orientation along the [001] direction with the c-axis perpendicular to the substrate.
Another weak peak from wurtzite structure was also observed at 2θ= 47.67°, corresponding to the reflection of (102) plane [18] . EYZOA and a very low concentration for sample OEYZOA (below the detection limit of our instrument), which could explain why Er 2 O 3 phase has not been observed in the diffraction pattern of EYZOA. It is worth noticing that the peaks that were observed in all samples at 2θ= 31.05° and 2θ=37.42° correspond to instrumental artifacts.
The lattice parameter value of each sample as well as that of undoped ZnO (ZO) grown under the same conditions that EZO and EYZO, have been estimated from the diffraction peaks related to the ZnO wurtzite structure (see Table 1 ). All as-deposited films showed c parameter values slightly higher than that of stress-free ZnO powder specimen (c=0.521 nm, a=0.325 nm) [18] , indicating that the unit cells are elongated along the c-axis and the compressive forces were predominant as usual in RF sputtered ZnO thin films [21] [22] [23] . The internal compressive stress in the as-deposited films is assigned to the bombardment of energetic particles during deposition and not to the thermal stress originating from the difference between the thermal expansion coefficients of the film and the substrate. Even 7 though, this thermal stress effect is slightly appreciable in the case of OEYZO where the film was deposited at 350ºC and the Corning glass gave a tensile stress to the film when it cooled down [24] compensating the compressive stress and giving a c value closer to the ideal from ZnO powder.
After the annealing, the peaks were shifted to higher diffraction angles and all the films showed lattice parameters (a and c) slightly lower than the ideal values for undoped ZnO powder. This suggested that the stress was changing from compressive to tensile.
Although the post-annealing has been reported to contribute to the relaxation of RF sputtered ZnO films [25] , it is possible that such high temperature of 800ºC produced tensile stress due to the mismatch between thermal energy coefficients when the films cooled down.
It was also observed that the annealing treatment did not produce any variation in the intensity of the main diffraction peak (2θ = 34.4°) for EZO films, whereas that corresponding to EYZO and OEYZO films showed an increase in its intensity, which unequivocally indicates an enhancement of the film crystalline arrangement. The average crystallite size in the direction normal to the reflecting planes was not affected by the heat treatment except in the case of OEYZO and ZO, where it increased significantly after the annealing process.
Actually, both films with almost no doping (OEYZO) or undoped (ZO) could present fewer grain boundaries due to the absence of RE ions at the grain boundaries and the annealing might have helped the grains to grow much bigger, since high temperature annealing stimulates the migration of grain boundaries and causes the coalescence of more grains suggesting that the Ostwald ripening process was also taking place.
The composition of the films before and after the annealing was estimated from the XPS spectra and appeared to be invariable after the heat treatment (within the resolution provided by the system for such low concentrations). its intensity may be related to the variation of the concentration of oxygen vacancies. The peak at the highest BE position is usually attributed to chemisorbed oxygen species (that appears also in ZnO-based thin films without Er or Yb) [27, 28] and/or to the formation of Er or Yb oxide [29, 30] . Although the film surface was previously sputtered for three minutes, it does not strictly mean that the contamination component was completely removed [27, 31] .
As seen in Fig. 3 , the intensity of the medium BE peak is always higher than the other peaks, indicating a large concentration of oxygen vacancies in the surface layers. The medium BE peak intensity at ~531.4 eV was found to decrease after the post-annealing process in the case of EZO and EYZO samples. This is reasonable due to the fact that EZO and EYZO films were deposited at room temperature with a lower oxygen concentration. For EZO and EYZO samples, the post-annealing process caused a slight increase of the higher BE peak, suggesting the formation of Er and Yb oxides and/or an increase of the surface contamination (chemisorbed oxygen species All films were found to be transparent and showed integrated transmittance values above 80% within the range 400 nm-1100 nm. In Fig. 4 , the RT PL spectra obtained from the samples under study are displayed. Although PL measurements are extremely sensitive to laser focus and incidence angle, all measurements were carried in identical conditions, so that the relative intensity between the different spectra is directly comparable. The first main observation is the fact that as-deposited samples presented a broad band peaking around 450-500 nm, whereas annealed samples presented a spectrum typical from ZnO: a sharp emission around 375 nm and a broad band centered at 600-660 nm. The emission observed in the asdeposited samples is attributed to a combination of emissions coming from highly defective ZnO and the defects present in the Corning glass substrate (low intensity emission in the blue range).
As far as the annealed samples are concerned, the intensity of the emission at 375 nm, related to the excitonic band-to-band recombination (BBR) of ZnO (usually observed in the nanostructured material) [32] , increased with the crystalline domain size, obtaining higher intensity for the sample deposited under O 2 atmosphere (see experimental results of XRD data). On the other hand, the broad visible emission (BVE) that these samples presented is due to the radiative recombination in deep-level defects such as oxygen vacancies and/or Zn atoms in interstitial position inside the ZnO lattice [33] . Considering the ratio between the maximum PL intensity of the BBR (λ = 375 nm) and BVE (λ = 600-660 nm, depending on the spectrum) bands, r = I(λ BBR )/I(λ BVE ), we obtained a value of r =1.2 for the annealed OEYZOA sample, that clearly overcomes those for EZOA and EYZOA samples (r = 0.52 and 0.22, respectively). One possible explanation is the higher stoichiometry and crystalline arrangement that this sample presents, as the deposition parameters and annealing process introduced a higher amount of O atoms to the ZnO matrix that contribute to reduce structural defects, reducing non-radiative paths and, in turn, enhancing the PL emission of ZnO. In addition, the three annealed samples presented peak-like emissions around 550 nm and 660-680 nm [34] , related to radiative transitions between different electronic levels of Er 3+ ions (see Fig. 1 ). This fact indicates that the Er 3+ ions occupy optically active centers, either in the ZnO host (Er 3+ ions are excited through the ZnO host matrix) or in grain boundaries [16] .
Considering now the intensity dependence of the Er emission in annealed samples with and without Yb 3+ ions (red full circles and black full triangles, respectively), a clear intensity reduction was observed for the samples containing Yb 3+ . This fact could be associated with the lower Er content present in these samples (about one order of magnitude lower in composition, see Table 2 ). Therefore, this RE-related emission is comparable for all the annealed samples when using the host ZnO material to excite them, suggesting that the RE The UC-PL spectra were obtained by exciting the samples using single excitation wavelength in the range from 900 to 1300 nm and acquiring the emission in the range from 400 to 850 nm, i.e. at higher energies. We found that the excitation at 980 nm induced the optimum up-conversion emission at 660 nm; therefore, this wavelength was selected for exciting the samples in up-conversion experiments. The resulting UC-PL spectra are shown in Fig. 5(a) . An intense emission can be appreciated around 660 nm that is composed by two [36, 37] ; however, the lower Er concentration employed in our work, as well as the quality of the matrix surrounding the RE ions, may influence the transition probability between further separated energy states.
As can be observed in Fig. 5(a) , the as-deposited samples either Er doped or Er-Yb co-doped did not show up-conversion emission, in agreement with the absence of REemission in conventional PL. On the other hand, if we compare the emission of these two samples after the annealing process, we observe an increase in the UC-PL due to the presence of Yb in the samples [see red full circles and black full triangles in Fig. 5(a) Fig. 4 ). In order to compare the emission of these samples to the previous ones, we have normalized the spectra to the concentration of the different involved RE atoms (Er and Yb).
Although the emission only comes from Er, the normalization also took into account the Yb assume that the confinement of the RE ions within the matrix, and thus their localization, is strongly increased; therefore, the probability of the resonant transfer mechanism to occur (from Yb 3+ to Er 3+ ions) is enhanced.
In conclusion, these results indicate that Er-Yb co-doped ZnO deposited in O-rich atmosphere and at high temperatures can be used as up-conversion system to take profit of 13 the near infrared light. Probably ErO 6 clusters are formed either at the grain boundaries or within the ZnO matrix.
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